REPORT No. 368

A NEW CHART FOR ESTIMATING THE ABSOLUTE CEILING OF AN AIRPLANE

By Wauree 8. Dieswn

SUMMARY

This report, which was prepared for publication by the
National Adrisory Committee for Aeronautics, is con-
cerned with the derivation of a chart for estimating the
absolute ceiling of an airplane. This chart may be used
in conjunction with the usual curres of power required
and power arailable as an accurate substitute for extended
calculation, or it may be used in the estimation of absolute
cetling when power curves are not available.

INTRODUCTION

The absolute ceiling of an sirplane is the greatest
altitude that can be attained under specified conditions
of loading and power. It is the altitude at which the
maximum rate of climb is zero. At the absolute ceiling
the curves of power available and power required are
tangent and flight is possible at only one air speed or
angle of attack.

There are many methods for calculating the absolute
ceiling with considerable accuracy or estimating it to
& close average approximation. QOne widely used
method is to calculate the rate of climb at three or
more altitudes and plot these rates of climb against
‘altitude. Since the rate of climb decresses almost
linearly with altitude, a curve may readily be drawn
through the calculated points and extrapolated to the
altitude axis where the intercept gives the absolute
ceiling. The calculations required are comparatively
simple but rather extensive.

It has been shown by the writer (Chapter VII,
Reference 1) that the absolute ceiling may be obtained
from the intersection of two special but easily deter-
mined curves drawn on the ususal plot of power avail-
able and power required against air speed. It now
appears that the caleulations required in this method
can be still further simplified and the absolute ceiling
obtained directly from the ratic of minimum thrust
power required to maximum thrust power available
and the ratio of maximum speed to minimum speed.
These ratios may be determined either from the eal-
culated power curves or from a direct estimation.
Since the estimation of these ratios can be made to &
comparatively high degree of accuracy, it follows that
a similar degree of accuracy is obtained in the estima-
tion of absolute ceiling. Extended application of this

method in routine performance calculations has indi-
cated that for all practical purposes it is fully equivalent

‘to a complete calculation. The use of the ratio of

minimum thrust power required to maximum thrust
power available in the determination of absolute ceiling
is very old. Hofmann (Reference 2) employed such a
method in 1913 and implied by footnote reference that
it was used as early as 1909 or 1910. Warner (Refer-
ences 3 and 4) gives the absolute ceiling in terms of
this ratio. The present method, while making use of
the power ratio, differs from the previous methods in
that the final ceiling chart given herein is essentially a
condensed general solution for an exact graphical
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method, rather than an approximation based on the
obvious and well-recognized importance of the power
ratio.

CALCULATION OF ABSOLUTE CEILING

The author has shown elsewhere (Reference 1) that

the usual sea level curves of power available and
power required plotted against air speed may be used
in conjunction with a simple construction to obtain
the absolute ceiling. This construction, illustrated in
Figure 1, is based on the assumption that at the abso-
lute ceiling the curve of power available is tangent to
the curve of power required at or very near to the
minimum power required. If a climb is started at
sea level at the angle of attack for minimum power
required and this angle of attack is maintained up to
the absolute ceiling, the best rate of climb will not
be obtained at low altitudes but the final altitude
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obtained will not be affected. Since the angle of at-
tack is constant the power required and the air speed
will both vary directly as the square root of the inverse
density ratio +/p,/p. When +/p,/p=2, both power
required and air speed will be twice as great as at
sea level. In other words, the minimum power re-
quired will Lie on the straight line AB which is so drawn
that the power and the speed at point B have twice
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their values at point A. The multiple 2 is merely a
matter of convenience; any desired factor may be used.

The curve CEG on Figure 1 is the corresponding
variation in power available, determined as follows.

When 1/;T/p=Vz=1.10 the minimum power required
Q@
is at the point F. At this speed at sea level the power

available is at D. Now \/ %= 1.10 corresponds to an

altitude of 6,368 feet at which the power of an average
engine is 77,6 per cent of its sea level value, as shown on
Figure 2 or Table 1. Multiplying the power at D by
the power factor 0.776 gives the point E, which is the
power available, corresponding to the minimum
power required at F. This process is repeated at

several values of +/p,fp= VZ and a curve CEG is drawn

through the points so determined. The intersection
of this curve with the line AB at the point G gives the
value of the speed V at the absolute ceiling. The
ratio of this speed to the speed for minimum power

required at sea level gives \/ —=—— from which the
absolute ceiling is determined. In the example shown
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on Figure 1, the speed at absolute ceiling, given by the
intersection at G is V=91 m. p. h. The sea level
speed for minimum power at point A is V,=70 m. p. h.
Hence V. _9L0_

¥, 70.0

corresponding to \/—=—-—1 30 is 16,864 ft.

These calculations are simplified by the use of a
chart such as Figure 2, on which power factors and

altitudes are plotted against /_=T'—' This power

factor is the ratio of the thrust power at altitude to the
thrust power at sea level at constant true air speed.
It includes any effect due to change in r. p. m. with
altitude at constant air speed.

The particular curve of power factors shown on
Figure 2 applies to the average airplane engine without
supercharging. A similar curve may be obiained for
any particular engine from the performance in & full
throttle climb at constant true air speed by the use of
the method described in Chapter VI of Reference 1.

DERIVATION OF THE CEILING CHART

A study of the method just outlined has led to the
development of a chart which greatly reduces the
calculations required for the determination of absolute
ceiling. 'This chart also provides a most satisfactory
method of estimating absolute ceiling. The diagram-
matic sketch, Figure 3, shows the curves on which the
chart is based. . The min_imum power required and the
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power available expressed as ratios of the maximum
sea level thrust power available are plotted against
altitude. The curves AB and CG on Figure 3 are
equivalent to the similarly lettered curves on Figure 1.
The ratio of the powers at C and H on Figure 1 deter-
mines the point C on Figure 3. In a similar manner
the ratio of the powers at A and H on Figure 1 deter-
mines the point A on Figure 3. Each point on the
two curves is in terms of the maximum thrust horse-

=1.30 and from Figure 2 the altitude‘
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power available and the plot is against altitude
directly instead of speed as in Figure 1. It is assumed,
as is generally the case, that the meximum thrust
horsepower available is that at maximum speed.

This method of plotting may be expanded into a set
of general curves by the use of the general curve of
t.hp. given on Figure 4. An analysis of the power
curves for a great number of airplanes shows that the
average air speed V' at which the curves of power
available and power required are tangent at the
absolute ceiling is 17 per cent greater than the stalling

speed, V,, that is, V,=1.17V,, or V=1.17V:\/%'

Consequently for any given ratio of stalling speed,
1, to maximum speed, V, the ratio at sea level of
t.hpso to t.hpme may be read directly from Figure 4,

at the point 1.17 1,* - As the sltitude is increased, this

speed becomes 1.17%\/% or 1.17%)(1—1:-, and the

corresponding ses level value of the ratio t.hpao/t-hpmo
increases accordingly. For any given altitude, or

corresponding value of \/ %, the value of t.hp./t.bpme

is obtained by multiplying t.hp,./t.bpme. by the power

factor for the altitude in question. The celculations
r 7

for{T’“=2.4 or %;'— =0.4167 are given in Table I to
s m

lustrate the method.

113

factors, or variation of power with altitude as given in

column 5 of Table I or Figure 2, gives the values of

t.hpgjt.hpua in T&b].ﬁ 11T,

The celculation of t.hp./t.hpm, is less complicated.
Any initiel value of t.hprft.hpme is multiplied by
\/ e to

P

obtain t.hp,/t.hpm,. Any convenient series
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of initial velues, such as those used in Table IV, may
be used.

The data from Tables ITI and IV may now be
plotted as in Figure 5. The absolute ceiling is deter-
mined by the intersection of givern curves of t.hp./t.hpn,
and t.hp,/t.hp.mo Since the latter is a function of
Val V., 8l that is required to determine the absolute
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Ficrrx 5.—Absolate cefling chart

These calculations can be carried through for
a series of values of V[V, giving the values of
t.hpao/t.hpme in Table I1. If these values in Table IT
are multiplied by the power factors at each altitude, one
obtaing the values of t.hp,/t.hpm,; that is, the power
available at altitude in termas of the maximum power
available at sea level. The values in Table II apply
to any engine not operated af the “peak’ of its power
curve. Consequently, they may be used to construect
& ceiling chart for any engine having a known veriation
of power with altitude. Using the average power

ceiling is the maximum speed, minimum speed, mini-
mum horsepower required, and maximum horsepower
available.

Since the absolute ceiling normally falls between
8,000 feet and 28,000 feet, the section indicated by
the rectangle on Figure 5 has been redrawn to a larger
scale in Figure 6 and additional curves interpolated
for convenience in reading.

To use the chart find the sea level values of the
ratio of maximum speed to minimum speed Va/V;
and the ratio of minimum thrust horsepower required
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to maximum thrust horsepower available (min. | may be estimated with reasonable accuracy, the chart
t.hpro/max. t.hp.,,). The intersection of the two | may be used toestimate absolute ceiling.
curves corresponding to these values determines the It has been shown (Reference 5) that the ratio of
absolute ceiling. maximum speed V,, to stalling speed V,, is given by
For example; refer to Figure 1.
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Maximum t.hp available, t.hp,, =657,

Minimum t.hpyo/max. t.hp,,=208/657=0.317.
From Figure 6 for %“ =2.205 and (min. t.hpy/max.

t.hpso) =0.817, the absolute ceiling is found to be

16,900 feet. This value checks very closely with that
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X From wind funnel )‘esf

320
3 |
5316 4
B /
83/ "/ ‘
5 /
£ _ x
8:900 / .
S /
_§304 =T
3

005~—¢— 5 6 7 & o

Effective aspect rotio, %{—bi
FIGURE 7

found from the ratio of ﬂp‘! given by the construction
on Figure 1.

USE OF CBART FOR ESTIMATING ABSOLUTE CEILING
Absolute ceiling is determined on Figure 6 by the
ratios of and t.hpgo/t.hpme.

V.,

Since these ratios

where 7, is the maximum propeller efficiency .L/D
the maximum ratio of lift to drag, W the gross weight
in pounds, b.hp the maximum brake horsepower, V,
the stalling speed, and K an approximately constant
coefficient having an average value of 10.2. The
variation of K and max. (L/D) with aspect ratio and
parasite is given in Reference 1.
The horsepower required for horizontal flight is

Ve
L
375 (D
Where V', is the air speed in m. p. h. and (L/D) is
the ratio of lift to drag corresponding to the speed 17,.
To determine the minimum value of t.hp, by estima-
tion, it is desirable that relations be found between
V., and V, and between (L/D) and the maximum
value of (L/D). This can be done either directly or
indirectly. A direct method is to write equation (2)
in the form

_ t.hp.=

WXK\V, WV,

375 K{%)')m K (T%).n.,.

and determine the value of & from celculated power
curves. An indirect method is to determine the rela-
tion between (L/D)m. and the value of (L/D) af
V,=1.17 V. Both of these methods have becen
employed. k shows a small but definite variation

t;.hp_r_o = 3)

with effective aspect ratio as indicated on Figure 7.

@
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With the direct method, values of k£ were determined
from wind tunnel test data for about 20 airplanes.
With the indireet method, the calculated variation of
L/D with speed range and aspect ratio, gives a series
of points which determine the curve shown on Figure 7.
This curve may be used in estimates where the extra

accuracy is required, but for all practical purposes it is

sufficient to assume k=310.
Since the maximum thrust horsepower is

t.hpmo =1m b.hp (4)
1t follows that
W ) v,
£.hpre _\b. hp
D 1

VWith equations I and 5, the ceiling chart, Figure 6,
may be used to estimate absolute ceiling.
method has proved highly satisfactory for routine
estimation.

As an approximate method for airplanes with super-
charged engines the initial conditions may be taken
at the critical altitude and the caleulations carried
through as for a normal engine. The absolute ceiling
so obtained is the altitude referred to the critical
altitude as zero, and the true absolute ceiling is ob-
tained by adding the critical altitude. For example,
if the critical altitude is 15,000 feet and upon calcula-
tions based on initial conditions at 15,000 feet (i e.,
speeds, power required, and power available) the
ceiling is found to be 20,000 feet, this indicates that
the airplane can climb to an altitude 20,000 feet higher
than the critical sltitude for the engine, or that the
absolute ceiling is 35,000 feet. Comparisons with the
limited test dates available for supercharged engines
indicates that this approximation gives satisfactory
results.

BUREAU OF AERONAUTICS,
Navy DeparT™MENT, July, 1930.
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TanLE I—Ezample of caleulation of t.hpe/t.hpme

Vau Ve

=240 T=0.4167
— 1-1.1-! thp,
v g Altltude, |V ‘i thpa.e | Power thDme
V.oV o | Bfect Ve,V | ihpme | fctec F H’ﬁxf
VaVe ! thpme
1.00 Q 0.488 0.685 1.000 0. 635
1.08 3,206 .612 508 876 620
L10 6,388 .538 .Te0 T8 . 687
L15 9,242 + o561 . 751 N . 817
1.20 11,938 . 585 . L6132 472
135 14,474 600 1 .789 546 .431
L30 | 1&864 | .64 | 807 -490 .305
1.35 10,194 .658 .825 443 .36
140 21,268 . 682 82 .402 .338
L&0 25,228 .78l .8; .532 . 289
1.60 28,813 780 K. I8 . M8

Tasre I1.—Calculated values of -Bpuo

t.hpme
£.Bpao/t hPme
Altt-
%I-VL' e &l |
A [

‘ e =18 20 | 22| 24 [ 20 ] 38 ] 30|32 34
1.00 of o.818 '0.771 o726 [0.685 '0.e10 [o. 616 o 585 (0. 558 Jo.881
Lo5| 3,206 .s42).7m92|.740| .708 | .672 [ .638 | .606 | .577 | .553
110| &€363| .8s3|.813 | .77L[ .70 | -697 | .658 | 628 | 508 [ .574
Li5| oada| 881 [.835|.708 | .780 | (713 | 679 [ .647 [ 617 | .588
190|10a38]| .2e3|.853[.810] 771 .738 | .700 | 667 | -638 | .613
Tas| 144 | o8| .82 | 820 | .780 | .752 | .78 [ .656 | .658 | .683
180 | 160864 | .oa2|.8se|.sev | .so7| .71 | 7as | .704 | L677 | -651
T35 (19124 | -u48 | .o08 | 864 | 825 785 | .78 | -7aa [ .eos | [eso
T4 | 2283 | -oes|.o19 | .79 | 42| -804 ¢ .751 | .738 | .70 | L6885
Tse|2528| |08} 008 | s7al sae| ca2 | crm | im0 | S71s
160 | 28,812 -e36 | -893 | -85 | 832 | -800 | a5 | J7a0

TaBLE III.—Variation of t.hp/t.hpm, with altitude and speed ratio

l’ ATti- thp./t.hpee
Ve | tude [Ty
—.JF;‘- feet Iﬁs 20| 22 24 [ 26| 28 ] 30 | 32 34
1.00 0 ,0.818 0.771 ,0.726 0. 685 0. 640 [0.616 0. 585 0.558 | 0.53L
105| 3206 .m| 603 .058 | .620 | .588 | .550 | .530 | .506 ) .484
110 6368 | .668 | .62 .509] .567 | 542 LE1E [ L4888 [ 465 | .446
L1s| 6,423 .606 .b75] .645) 517 L401 | 468 | (445 | 425 .408
1201 11,088 | .546 | .522} .405 | .472 | .448 | 428 | .408 [ .891 | .876
1.25 ] 14,474 | .500 | .476 | . .481 | .411]1.3092 ) .874 | .350 | .344
1.0 | 16,864 | .456 | .436 | .415 | .305 | .878 | .361 | . 346} .832 | .30
185]| 16,124 | .421 | .401 | .383 | .3668 | .360 | .336 | .320 | .308 [ .297
L40 21,263 | .387 | .889 | .358 | .388 | 823 | .310 | .207 [ .285 | .276
L5} | 25228 L8151 .801 | .989 | .2:7 | .266 | .954 [ .25 | .236
L60 | 28,813 L2600 ] .28 | 240 | .201 | .223 | .215 | .209
TE.—These values of t.hp./t.hpae are based on the power factors given in
eolumnﬁo(’l‘able

TasLe IV.—Variation of t.op:/t.hpm, with allitude

T
;_ Al

5 | tade Values of t.hp/t.hpue

= | teet

1.00 0 10.500 Jo. 50 . 200 ‘0150 [ 0. 100
Los| 8206 .625|.473 “30 [ 167 | . 108
L10| 38| 550 | 105 320 | J1e5| I
L15| 9,242 .578 | 518 L2301 .172| 115
120 | roas | Jeoa | -5i0 T80 180 | 1120
125 | 14474 | Jazs | JEez ‘3% | J187 | L125
£50| 16864 | -850 | -545 “260 [ 1105 | 130
ras| 18194 | Ja76 | Ca0s 2| 22| 1135
140 | 21’33 | S700 | Je30 1250 1 210 | 180
150 | 25298 | 2750 | 675 00| a5 110
160 | B &2 3] T2 | C1s0
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